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Visual contribution to postural stability: Interaction between
target fixation or tracking and static or dynamic large-field
stimulus
Abstract
Stationary visual information has a stabilizing effect on posture, whereas moving visual information is
destabilizing. We compared the influence of a stationary or moving fixation point to the influence of
stationary or moving large-field stimulation, as well as the interaction between a fixation point and a
large-field stimulus. We recorded body sway in 20 healthy subjects who were fixating a stationary or
oscillating dot (vertical or horizontal motion, 1/3Hz, +/-12 degrees amplitude, distance 96cm). In
addition, a large-field random dot pattern (extension: approximately 80x70 degrees ) was stationary,
moving or absent. Visual fixation of a stationary dot in darkness did not reduce antero-posterior (AP)
sway compared to the situation in total darkness, but slightly reduced lateral sway at frequencies below
0.5Hz. In contrast, fixating a stationary dot on a stationary large-field pattern reduced both AP and
lateral body sway at all frequencies (0.1-2Hz). Ocular tracking of the oscillating dot caused a peak in
body sway at 1/3Hz, i.e. the stimulus frequency, but there was no influence of large-field stimulus at this
frequency. A stationary large-field pattern, however, reduced AP and lateral sway at frequencies
between 0.1 and 2Hz when subjects tracked a moving dot, compared to tracking in darkness. Our results
demonstrate that a stationary large-field pattern has a stabilizing effect in all conditions, independent of
whether the eyes are fixing on a stationary target or tracking a moving target.
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Keywords 




Stationary visual information has a stabilizing effect on posture, whereas moving visual information is 
destabilizing. We compared the influence of a stationary or moving fixation point to the influence of 
stationary or moving large-field stimulation, as well as the interaction between a fixation point and a large-
field stimulus. We recorded body sway in 20 healthy subjects who were fixating a stationary or oscillating 
dot (vertical or horizontal motion, 1/3 Hz, +/- 12° amplitude, distance 96 cm). In addition, a large-field 
random dot pattern (extension: ~80x70°) was stationary, moving or absent. Visual fixation of a stationary 
dot in darkness did not reduce antero-posterior (AP) sway compared to the situation in total darkness, but 
slightly reduced lateral sway at frequencies below 0.5 Hz. In contrast, fixating a stationary dot on a 
stationary large-field pattern reduced both AP and lateral body sway at all frequencies (0.1 – 2 Hz). Ocular 
tracking of the oscillating dot caused a peak in body sway at 1/3 Hz, i.e. the stimulus frequency, but there 
was no influence of large-field stimulus at this frequency. A stationary large-field pattern, however, 
reduced AP and lateral sway at frequencies between 0.1 and 2 Hz when subjects tracked a moving dot, 
compared to tracking in darkness. Our results demonstrate that a stationary large-field pattern has a 
stabilizing effect in all conditions, independent of whether the eyes are fixing on a stationary target or 




Visual information improves postural stability, in particular on unstable surfaces [1,2,3,4]. The visual 
contribution to balance has traditionally been investigated using full-field stimulations, such as moving 
rooms [5,6] or virtual environments [7]. Analyses of postural response dynamics to such stimuli have led 
to accurate computer models of visual, proprioceptive and vestibular interactions during postural control 
[3,6]. 
 
Head motion in a natural environment results in complex retinal flow patterns that may include uniform 
components as well as expansion and parallax. During head movements, eye-in-space stabilization is 
ensured by vestibulo-ocular reflexes [8], vestibulo-collic reflexes [9], and smooth pursuit eye movements. 
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Compensatory eye movements are a direct response to head movements relative to the fixation point. 
Therefore, eye movement signals could be used to infer head motion information and contribute to 
postural stabilization [1,10,11]. 
 
Recent studies have demonstrated an influence of eye movements on body sway. Suppression of 
spontaneous nystagmus decreases body sway in patients with vestibular neuritis [12]. In healthy subjects, 
eye movements were found to increase body sway independently of optic flow [10].  In this study by 
Glasauer and colleagues, subjects fixated a stationary or horizontally oscillating dot that was 
superimposed on a full-field visual pattern being either stationary, oscillating or absent. This experimental 
arrangements systematically manipulated eye movements and retinal flow. Ocular following of a target on 
a stationary pattern elicited less sway than ocular following of the target in otherwise complete darkness, 
despite optic flow being greater in the former situation. 
 
We aimed at extending the study by Glasauer and colleagues [10] to antero-posterior body sway (AP). 
Both horizontally and vertically moving visual stimuli (1/3 Hz) were presented to subjects standing in a 
natural position on foam. We also asked subjects to visually fixate a stationary dot superimposed on a 
stationary pattern for comparison with a stationary dot alone. Finally, we analyzed separately body sway 
at 1/3 Hz, which represents the direct response to the visual stimulation, and the body sway generated at 
other frequencies between 0.1 and 2 Hz. The latter analysis informed us about the general influence of 
visual stimulations on the brain’s ability to maintain stable posture. 
 
 
Materials and methods 
Subjects 
20 healthy volunteers, 8 women and 12 men, aged 21 to 45 years (average ± SD: 28.6 ± 7.0) participated. 
None of the subjects reported any vestibular or balance disorders, special susceptibility to motion 
sickness or a history of falls. All subjects had normal vision with or without correction by spectacles or 
contact lenses. The experimental protocol was approved by a local ethical committee. Subjects were 
informed about the study and gave their written consent. 
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 Experimental setup 
An AMTI AccuSway force platform (Advanced Mechanical Technology, Inc., Massachusetts, USA), 
covered with a foam-cushion (10 cm height), was placed 96 cm in front of a translucent screen (3.07 m 
width by 2.45 m height). The lower border of the screen was at foot level. Visual stimuli were generated 
using the Psychophysics Toolbox [13,14] and MATLAB® software (Mathworks, Natick, Massachusetts, 
USA) on a computer and rear-projected on the screen. The image was gradually shifted out of focus until 
subjects reported that they were unable to distinguish individual pixels (the blurring radius was smaller 
than one pixel). Subjects wore a head-mounted device that restricted the horizontal visual field to 80°. The 
non-dominant eye was occluded to suppress stereopsis cues. 
 
Visual stimulation  
The fixation target was a red dot (3° diameter), in the following referred to as ‘dot’. Large-field visual 
stimuli were generated using white dots (6° diameter, 120 dots/m2), randomly positioned on an otherwise 
dark screen. When this pattern was absent, the luminance of the screen was slightly increased so that the 
average luminance was the same in all conditions. Both the dot and the large-field pattern could be 
stationary or moving sinusoidally at 1/3 Hz in the vertical or horizontal direction with an amplitude of +/- 
12°, as in [10].  
Visual stimuli are denoted by a code, the first letter identifying pattern motion and the second letter dot 
motion. The pattern was absent (n), stationary (S), moving vertically (V) or moving horizontally (H). The 
dot was stationary (S), or moving vertically (V) or moving horizontally (H). Combinations of pattern and dot 
motions resulted in 11 experimental conditions (see Table 1). 
 
*** Table 1 about here *** 
 
Experimental protocol 
Subjects stood on the foam-cushion, with their feet approximately parallel and apart at a natural distance. 
Subjects were instructed to fix or track the dot with their eyes only, i.e. without moving their head, 
independently of the presence or motion of the large-field stimulus, or to look straight ahead in the Dark 
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condition. The 11 conditions were performed in random order. After completing 6 conditions, a pause of 5-
10 minutes was granted to prevent fatigue. Each run lasted 60 s. The initial 15 s were not included in the 




Center of pressure (COP) position was recorded at 100 Hz. For each subject and condition, we computed 
the Power Spectral Density (PSD) of the COP velocity along the AP and lateral axis, using the MATLAB® 
periodogram function. The PSD has a unit of (cm/s)2/Hz but will be expressed in arbitrary units (a.u.). 
When an experiment was repeated on a subject, PSD were averaged and the averages were treated as 
originating from a single experiment. 
PSD were computed at frequencies of (1/3)*2x Hz, with x ranging from -1.7 to 2.6 in increments of 0.1, i.e. 
from 0.1 to 2 Hz with frequencies distributed uniformly along a logarithmic axis. The analyzed range of 
frequencies included the stimulus frequency of 1/3 Hz as well as multiples of this frequency. Power 
spectra curves were subsequently smoothed by a running average (window width of 2). The frequencies 
of 1/3 Hz and 2/3 Hz were excluded from smoothing, in order to preserve the peak in power at these 
frequencies. Statistical analysis was performed on the power measured at 1/3 Hz, as well as on the 
average power measured at all other analyzed frequencies. 
  
The PSD, Fi,j, measured at a given frequency for the condition i and the subject j (or the average PSD 
across a range of frequencies) was converted using the logarithm function (eq. 1): 
Gi,j = log(Fi,j) (eq. 1) 
Furthermore, data were normalized within each subject, so that the average sway across conditions was 
the same for each subject (eq. 2): 
Hi,j = Gi,j – 1/N Σi Gi,j + 1/N * 1/M Σi,j Gi,j (eq. 2) 
 
where N is the number of conditions and M the number of subjects.  
Average body sway among conditions was compared by using repeated-measures ANOVAs on G 
(Matlab® function rm_anova2 by Aaron Schurger  
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http://www.mathworks.fr/matlabcentral/fileexchange/6874). We used multiple ANOVA to test specific 
effects (e.g. the effect of large-field motion when the dot was moving). The finding that many tests were 
highly significant (p < 10-4) dispensed us for performing multiple test corrections. Figures were generated 
by plotting exp(1/M Σj Hi,j),e.g. the geometrical average of normalized body sway. Since the normalization 
process approximates  the use of a repeated-measures ANOVA, the confidence intervals on our figures 
are representative of this test. We also compared average differences between PSD curves for pairs of 
experimental conditions (e.g. Fig. 1B) by computing the average and the confidence interval of (Gi1,j - Gi2,j) 
across subjects for all frequencies, were i1 and i2 denote the two experimental conditions.  
 
Results 
No subject reported difficultly maintaining balance in any condition. First, we present the data obtained 
during the presentation of stationary stimuli (conditions Dark, SS and nS), followed by the data reporting 
the influence of large-field stimulus and dot motion on body sway.  
 
Stationary visual stimuli.  
PSD functions of the body sway in Dark, SS, and nS conditions are depicted in Fig. 1AD. In darkness 
(Dark), AP body sway was maximal between 0.3 and 0.5 Hz. During fixation of a dot in the presence of a 
stationary pattern (SS), the AP sway was significantly reduced at low frequencies (Fig. 1B) and peaked 
around 0.8 Hz. In contrast, the AP sway during fixation of a dot in darkness (nS) was indistinguishable 
from the sway measured in condition Dark (Fig. 1AC). 
 
***   Figure 1 about here *** 
 
Lateral body sway was generally smaller than AP sway (Fig. 1D). In darkness, it peaked at frequencies 
around 0.4 – 0.5 Hz. In the SS condition, the sway was smaller at all frequencies, except around 1 Hz 
(Fig. 1E) and peaked between 0.6 – 0.9 Hz. Compared to standing in darkness, there was a weaker, but 
still significant decrease in body sway at frequencies below 0.4 Hz in the nS condition (Fig. 1F). 
Average sway between 0.1 and 2 Hz was smaller in the SS condition than in the nS condition in both the 
AP and lateral directions (paired t-tests, p < 0.001). 
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Moving visual stimuli 
The presence of a moving visual stimulus (dot, pattern, or both) caused clear peaks of body sway at 1/3 
Hz and its 2/3 Hz harmonic (Fig 2). The visual stimuli also influenced body sway at other frequencies 
(e.g., condition SV compared to SS, Fig. 2A).  
 
***   Figure 2 about here *** 
 
Antero-posterior sway  
Average AP body sway in all conditions is presented in Fig 3AB. On these panels, conditions are ordered 
according to the state of the large-field pattern (stationary, absent or moving vertically) and of the dot 
(stationary or moving). At frequencies between 0.1 and 2 Hz (Fig. 3A), a stable pattern significantly (2-way 
ANOVA, SS, SV vs. nS, nV, F1,19= 57, p < 0.001) reduced body sway compared to no pattern, whereas a 
moving pattern increased it compared to no pattern (VS, VV vs. nS, nV, F1,19= 8, p = 0.01). Furthermore, a 
moving dot increased body sway in all conditions (SV, nV, VV vs. SS, nS, VS, F1,19 = 29, p < 0.001). There 
was no significant interaction of dot and full-field pattern factors on body sway (SV, nV, VV vs. SS, nS, 
VS, F2,38 = 0.58, p > 0.5), which indicates that their effects were additive. 
 
***   Figure 3 about here *** 
 
The analysis at 1/3 Hz (Fig. 3B) revealed a different pattern. Although the large-field stimulus influenced 
the sway when the dot was stationary (1-way ANOVA, SS vs. nS vs. VS, F2,38 = 16, p < 0.001), it did not 
have a significant effect when the dot was moving (SV vs. nV vs. VV, F2,38 = 0.23, p = 0.8).  
 
Lateral sway  
 
Lateral sway was influenced by visual input in a manner that was qualitatively similar to AP sway. At 
frequencies between 0.1 and 2 Hz (Fig 3C), body sway was reduced significantly by a stable large-field 
pattern compared to the condition with absent pattern (2-way ANOVA, SS, SH vs. nS, nH, F1,19= 45 p < 
0.001). Conversely, body sway was increased by a moving pattern (HS, HH vs. nS, nH, F1,19 =10, p<0.01) 
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or a moving dot (SH, nH, HH vs. SS, nS, HS, F1,19= 78, p < 0.001). At 1/3 Hz in conditions where the dot 
was moving (Fig 3D), the large-field stimulus had no significant influence on body sway (SH vs. nH vs. 
HH, F2,38 = 0.42, p = 0.65). 
 
Discussion 
The purpose of our study was to characterize the influences of large-field visual stimulation and eye 
movements on body sway, as well as their potential interactions. Our study tested all combinations of dot 
and large-field pattern motion, thereby allowing a complete investigation of body sway responses to these 
stimuli.  
  
Spontaneous body sway in darkness peaked at 0.4-0.6 Hz, in agreement with a previous study [15]. 
Another study in which subjects were instructed to oscillate their trunk at various frequencies suggests 
that the body acts as an inverted pendulum controlled by a feedback loop, whose resonance frequency is 
around 0.6 Hz [16]. Accordingly, subjects standing with their eyes closed on a platform oscillating 
pseudorandomly in the AP direction showed maximal sway between 0.1 and 1 Hz [6].  
 
Body sway at the driving frequency 
Peterka [6] found that the body response to moving full-field stimuli or to perturbations of the support 
surface saturates for stimulus amplitudes higher than 4° peak-to-peak, which was lower than the 24° 
peak-to-peak amplitude used in our study. This may explain why we found no significant differences 
between body sway at 1/3 Hz in conditions where the visual stimulus was moving. Therefore we focus our 
discussion on the ability of visual stimuli to stabilize or destabilize posture at other frequencies, 
independently of the direct response at 1/3 Hz. 
 
Stationary visual stimuli  
Fixating a stationary dot in darkness (nS) had a weak stabilizing effect on lateral body sway and no effect 
on AP sway. In contrast, a stationary large-field stimulus (SS) strongly reduced body sway in both lateral 
and AP directions. Note that the study by Glasauer et al. [10] did not include the SS condition, and 
therefore could not consider a mechanism of body sway stabilization by a stationary large-field stimulus. 
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In another study [17], subjects stood on a stable surface and fixated a LED at a distance of 2.5 m, either in 
darkness or superimposed on a stationary large-field pattern. In this study, both lateral and AP COP 
displacements were significantly reduced by the stationary large-field pattern, which corroborates our 
findings. 
 
Influence of eye movements and interaction with the large-field pattern.  
We found that tracking a moving dot systematically increased body sway (Figs 2,3). This increase was 
especially apparent at 1/3 Hz and at the 2/3 Hz harmonic, but was also significant at other frequencies. 
This increase may be a consequence of eye movements themselves, but also of slight head movements 
induced by the tracking task. Note, however, that the subjects were instructed to follow the dot only with 
their eyes and keep the head stationary. In our experience, healthy subjects show no or only minimal 
head movements during this task. Our results demonstrate that a stationary large-field stimulus reduces 
body sway during the tracking task, in agreement with previous results by Glasauer et al. [10]. When 
subjects track a moving dot, the large-field pattern is providing a stationary spatial reference. Since here 
the eyes are moving in space, the presence of the pattern generates a retinal flow. This retinal flow must 
be combined with information about the eye movements in order to reconstruct a fixed spatial reference. 
The stabilizing effect of the large-field pattern in conditions SV and SH suggests that such an interaction 
takes place indeed.  
 
Comparison with saccadic eye movements 
In a previous study, White et al. [18] found that visual influence on posture was suppressed during 
saccadic eye movements. Stoffregen et al. [19] and Rougier and Garin [20] found that performing 
saccades toward various targets reduces body sway. They interpreted these results as higher allocation of 
central processing resource in order to support visual performance. These results show that saccadic and 
tracking eye movements have fundamentally different effects on posture. Vision is suppressed during 
saccades, whereas tracking eye movements participate to the visual control of posture. 
 
Differences between Lat and AP sway 
Glasauer et al. [10] used a heel-to-toe position in order to increase lateral sway. To increase AP sway in 
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our study, we had subjects stand in a natural foot position on foam. This posture was laterally more stable, 
which could explain why we found lateral sway to be generally lower than AP sway. Furthermore, lateral 
oscillations of the head while fixating a dot cause the direction of the dot relative to the head to change, in 
contrast with antero-posterior translation, and we used monocular fixation to minimize vergence. 




The present study calls into question the suggested dichotomy between the contributions of retinal flow 
and extraocular muscle information to postural control. In natural conditions, the vestibulo-ocular reflex 
and pursuit system stabilize gaze during head motion. Although the retinal flow is minimal is these 
conditions, a stationary visual environment has a stabilizing effect compared to visual fixation of a dot in 
darkness. Furthermore, a stationary environment stabilizes posture, when a subject is visually tracking an 
object, despite considerable retinal flow that is unrelated to head motion. Thus, a space-fixed external 
visual reference structure is a major input component for postural stabilization, independent of whether or 
not the eyes are moving. The destabilizing effect of eye movements on posture, on the other hand, might 
be due to merging retinal flow and noisy or inaccurate extraocular information, thereby degrading the 
quality of visual information. Finally, given the importance of both retinal flow and extraocular eye 
information in postural control, we suggest that rehabilitation of patients with visual vertigo, as described 
by Bronstein [21], include conditions that require integration of both types of information. 
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Table 1: Letter codes identifying the 11 experimental conditions. 
 
Figure 1: Average body sway (N = 20 subjects) in arbitrary units (a.u., see Methods) in the presence of 
stationary visual stimuli (SS, Dark, and nS). A,D: power curves of COP velocity, for AP and lateral sway. 
B,C,E,F: differences between the power curves in Dark and SS conditions (in B,E) as well as in Dark and 
nS conditions (C,F) for AP (B,C) and lateral(E,F) sway. Thick curves indicate average differences, and thin 
curves 99% confidence intervals. 
 
Figure 2: Average power curves of body sway power (N = 20 subjects) for all conditions. A-C: AP sway, D-
F: lateral sway. Each panel shows the power curves obtained with an identical state of the large-field 
pattern, but different states of the dot. The dotted vertical lines indicate the stimulus frequency (1/3 Hz). 
 
Figure 3: Average body sway (N = 20 subjects) between 0.1 and 2 Hz (A,C) and at 1/3 Hz (B,D), in the 
various conditions. Bars represent geometrical averages +/- 99% confidence intervals. Dark gray bars are 
used for conditions with a stationary dot, light gray bars for conditions with a moving dot, and black bars 
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